Abstract Emission and excitation spectra of chromone and 6-fluorochromone have been measured in the vapor phase at different temperatures and pressures along with the absorption spectra. The emission is shown to consist of the 3 (n, *) phosphorescence accompanied by weak S 1 (n, *) delayed fluorescence. It is inferred from the temperature dependence of the phosphorescence intensity that the 3 (n, *) state is located at energies below the 3 (, *) state for chromone and 6-fluorochromone vapors.
Introduction
Results and discussion 1. Emission spectra and the electronic-state ordering. Absorption spectra of chromone and 6-fluorochromone in hexane at room temperature are shown in Figs. 1a and b, respectively. In hexane, the absorption spectrum of chromone consists of the weak S 0  3 (n, *), S 0  S 1 (n, *) and comparatively strong S 0  S 2 (, *) bands with the origins seen at 26300, 27700 and 33100 cm and b, respectively. In the present experiment, a buffer gas was added to the samples, since the emission of the samples is weak without buffer gas and since addition of buffer gas induces the efficient collisional relaxation to the lower-lying excited states.
As will be shown later in detail, the excitation spectra of the observed emission agree well with the absorption spectra. The emission of chromone and 6-fluorochromone vapors consists of the weak fluorescence from S 1 (n, *) and phosphorescence from 3 (n, *), showing a prominent progression in the C=O stretching vibration in the phosphorescence spectra. The phosphorescence and fluorescence origins of chromone vapor are observed at 26295 and 27645 cm -1 , respectively, and those of 6-fluorochromone vapor are observed at 26155 and 27435 cm -1 , respectively. The locations of the phosphorescence and fluorescence origins in the vapor phase agree with those of the S 0  3 (n, *) and S 0  S 1 (n, *) absorption origins in hexane, respectively.
The observed emission spectra exhibit characteristic temperature dependence.
That is, the S 1 fluorescence intensity relative to the phosphorescence intensity increases with increasing temperature. The feature of the fluorescence is the characteristic of the thermally activated delayed fluorescence from S 1 , which is in thermodynamic equilibrium with the phosphorescent state [17] . Thus, the quantum yield ratio of the emission from the upper state (S 1 ) to that from the lower triplet state,  F / P , is given approximately by, F / P = (k F /k P )  exp[-E S-T /kT ], where E S-T is the S 1 -T energy separation, k F and k P are, respectively, the radiative rate constants of the S 1 and T states and k is the Boltzmann constant. We have used the integrated intensities of the fluorescence and phosphorescence origins subtracted by the background intensities, I F and I P , instead of  F and  P , respectively (As for the phosphorescence, the intensities in the origin peak ranging from 26000 to 26500 cm -1 and 25800 to 26200 cm -1 were integrated, respectively, for chromone and 6-fluorochromone, and as for the fluorescence, the intensities ranging from 27000 to 27800 cm -1 were integrated). The We have observed the phosphorescence from the 3 (n, *) state for chromone and 6-fluorochromone vapors. However, the fact that the state, when the two triplet states are located closely to each other (see Fig. 3 ) [13] . It was shown in a previous paper that the 3 (n, *) phosphorescence quantum yield increases with increasing temperature for the molecules where the 3 (, *) state is located at energies below the 3 (n, *) state [13] . On the other hand, for the molecules where the 3 (n, *) state is located at energies below the 3 (, *) state, the 3 (n, *)
phosphorescence quantum yield normally decreases with increasing temperature [13] .
In order to confirm the state ordering of the two triplet states, the temperature dependence of the relative phosphorescence yield has been investigated. As one can see in Fig. 4 , the relative phosphorescence yield decreases significantly with increasing temperature for chromone and 6-fluorochromone vapors. These observations suggest that the 3 (n, *) state is located at energies below the molecules in the vapor phase.
The state ordering between the 3 (n, *) and 3 (, *) states of chromone and 6-fluorochromone may be correlated also with the location of the S 2 (, *) states. In hexane at room temperature, the S 2 (, *) origin of chromone is located at 33100 cm -1 , but in the vapor phase it is located at 33880 cm -1 . Thus, it is not unreasonable to consider that the region, respectively. We could not measure the absorption and excitation spectra in the S 0  S 1 (n, *) region because of the low vapor pressure and low molar extinction coefficient. In the presence of 250 Torr perfluorohexane, the corrected excitation spectrum agrees well with the absorption spectrum, but at low pressure without the buffer gas the intensities of the excitation spectrum at higher wavenumbers are too low as compared with those of the absorption spectrum. This observation indicates that at low pressure the phosphorescence quantum yield decreases with increasing excitation energy. Figure 6 shows the relative phosphorescence quantum yield  P of chromone and 6-fluorochromone vapors plotted against the pressure of added perfluorohexane, p, where the  P values are obtained by the excitation into the S 2 (, *) origin and by dividing the integrated intensity by the optical density of the sample at each temperature.
As p is reduced,  P appears to approach a zero value. The excitation spectrum at low pressure indicates that the decrease of  P caused by lowering the pressure becomes more pronounced as the excitation energy is increased.
The pressure dependence of the phosphorescence quantum yield of chromone vapors can be explained in terms of a kinetic scheme shown in Fig. 7 , where T x , represents a state from which chromone molecule takes place the decomposition or nonradiative transition to the ground state. The molecules excited into the S 2 state will be converted to the S 1 molecule through the fast internal conversion. The T x molecule formed as the result of the intersystem crossing from S 1 will be deactivated to the lower vibrational levels of T 1 through the collision with the rate k C ×p, from which the molecule shows the phosphorescence. The conversion to the T x state is followed by the decomposition or nonradiative transition to the ground state with the rate constant k x , but with increasing pressure collisional deactivation to the lower vibrational levels of T 1 competes with the decomposition. The kinetic scheme accounts for the observation that the relative phosphorescence quantum yield,  P , increases with increasing pressure.
In terms of the scheme shown in Fig. 7 ,  P is given by,
where  isc is the quantum yields of the overall conversion from S 2 to T x , and k P and k PQ are the radiative and nonradiative rate constants of the T 1 state, respectively. By fitting the experimental data given in Fig. 6 to Eq. 1, the values for k x /k C are evaluated to be 1.2 and 1.6 Torr, respectively, for chromone and 6-fluorochromone. In terms of the kinetic model, the lifetime of the T x state is given by 1/(k x + k C ×p). If k C is assumed to be equal to the bimolecular rate constant for collision (~ 10 The excitation spectra are shown for the samples with (p = 250 Torr) and without perfluorohexane (p = 0.2 Torr) as an added buffer gas. All the spectra are normalized to a common magnitude. 
